M eningioMa consistency, its relative firmness or softness, varies along a wide continuum and affects the difficulty of surgery.
of these techniques require special imaging equipment or training for interpretation. Fractional anisotropy values, for instance, have shown significant correlation with consistency, but this modality requires special techniques that are not widely available. 6 Additionally, for most of the mentioned studies, no specific definition of "hyperintensity" or "hypointensity" exists. If one focuses on standard MRI sequences, it appears that T2-weighted sequences have the strongest correlation, whereas T1-weighted and PD sequences either lacked significant association or had very mixed results. 1, 4, 13, 16, 19 Although discrepancies exist, on T2 sequences it appears that increased signal correlates with softness, and decreased signal correlates with firmness. 3, 4, 6, 9, 10, 13, 15, 19, 20 Consistency is generally a characteristic rated through retrospective review of operative reports or subjective intraoperative determination.
To improve its reproducibility and generalizability, an objective method of preoperatively predicting tumor consistency was defined using intraoperative tumor consistency grading.
14 This initial idea was tested in 20 patients as a pilot study to define values and investigate possible correlations. In the present study we sought validation of this method in a reasonably large patient series, utilizing tumor/cerebellar peduncle T2-weighted imaging intensity (TCTI) ratios and intraoperative classification with suction and/or ultrasonic aspiration.
Methods

Patients and study outline
In a small pilot series we tested a new concept for rating and predicting meningioma consistency utilizing a ratio of intensities (TCTI ratio).
14 The present study serves as a statistical test for validation of this idea via consecutive imaging of 100 new patients. Institutional review board approval was obtained prior to beginning the study. Three surgeons participated in the study, and a blinded neuroradiologist (J.D.L.) reviewed preoperative MR images. Operative consistency grades and TCTI ratios were calculated independently and then correlated. Results were analyzed with 1-way ANOVA by comparing consistency groups (soft, intermediate, firm) with TCTI ratios. Additionally, receiver operating characteristic (ROC) curves were drawn to determine the optimal cutoff for the 2 extremes, soft and firm.
clinical setting
The surgeon used the intraoperative setting to objectively quantify the consistency of meningiomas during resection. Consistency grades were assigned based on the CUSA intensity or the use of other surgical instruments and suction (Table 1) . The same CUSA machine at our institution was used for all patients. Grade A (soft) tumors could be resected with suction alone or a CUSA intensity < 40. Grade B (intermediate) tumors required a CUSA intensity between 40 and 70. Grade C (firm) tumors required higher CUSA settings (> 70) or other surgical adjuncts such as sharp dissection. Amplitudes listed for the CUSA represent the minimal setting necessary to adequately resect the tumor. The minimum effective CUSA setting was determined in a stepwise fashion by each surgeon in the same manner. Higher settings could obviously be used to speed up the resection but did not figure into the consistency ranking. Furthermore, if tumors had a mixed consistency, the setting used for the majority of the tumor was the one recorded. Operating surgeons dictated either the precise minimum CUSA setting or the CUSA range (grade) in which that setting was included. In select cases in which the tumor was easily removed by suction alone, a grade of A (soft) was assigned. Tumors removed en bloc were not included in the study as neither suction nor CUSA was required for removal.
imaging
Tumor size was recorded as the longest diameter of the tumor in relative axial, coronal, and sagittal planes. The T2-weighted MRI sequence seemed to best correlate with consistency in our previous study in which we reviewed other sequences, including T1-weighted, diffusion-weighted, and FLAIR imaging. Importantly, the T2-weighted MRI sequence was selected for its use as a standard sequence. Furthermore, T2-weighted sequences do not require special equipment or protocol or additional training for interpretation. Thus, this sequence would be more useful and versatile for places outside of tertiary care centers. The MRI protocol was as follows: TR 6000 msec, TE 101 msec, FOV 240 mm, flip angle 150°, resolution matrix 320 × 168, averages (NEX) 1, and slice thickness 5 mm.
Utilizing T2-weighted MRI sequences, we calculated TCTI ratios as described in Smith et al. (Fig. 1). 14 Regions of interest (ROIs) were drawn within the tumor for an average value of intensity. The ROIs did not have preset dimensions as tumor size varies. In general, ROIs were as large as possible to get the most representative sample on the axial sequence for homogeneous tumors. For heterogeneous tumors, multiple ROIs were used until a representa- tive mean was determined. The middle cerebellar peduncle was chosen as an internal reference ROI, and intensity ratios were calculated. An internal reference was chosen because of the nonuniformity in MR scanners. Each machine can have intensity nonuniformity. 17 In other words, the same scanner or same protocol can produce different intensities for the same tumor scanned twice. 17 Furthermore, intensity is not tissue specific like Hounsfield units in CT; thus, utilizing a reference ratio to a consistent structure such as the cerebellar peduncle helps to standardize the value.
8,12,17 results
Data were collected on 100 consecutive patients. Raw data are available in Table 2 . Twenty-eight patients were male; 72 were female. Patient ages ranged from 28 to 87 years, the mean age was 57.8 years, and the median age was 60 years. Tumor size ranged from 1.0 to 9.2 cm; the mean size was 3.82 cm, and the median was 3.6 cm.
Fifty tumors were soft, 29 were intermediate, and 21 were firm.
Frequency distribution for the meningioma consistency groups is shown in Fig. 2 . Group statistics are shown in Table 3 . The TCTI ratio range for all tumors was 0.34-3.79 with a mean of 1.59 and median of 1.60. Grade A tumors were correlated with TCTI ratios greater than 1.63 (25th percentile). The mean TCTI ratio for this category was 1.91; the median was 1.84 (SD ± 0.514, 95% CI 1.76-2.05). Grade B tumors were correlated with TCTI ratios of 1.33-1.63. The mean TCTI ratio was 1.49; the median was 1.5 (SD ± 0.289, 95% CI 1.38-1.60). Grade C tumors were correlated with TCTI ratios less than 1.27 (75th percentile). The mean TCTI ratio was 1.01; the median was 0.88 (SD ± 0.419, 95% CI 0.82-1.20).
Comparison of consistency grades and TCTI ratios was done with 1-way ANOVA. The TCTI ratios by each grade were statistically significant (p < 0.0001). The TCTI ratios correlated with intraoperative consistency ratings.
Meningioma consistency follows a continuum, and there is overlap of the intermediate group with soft and firm consistencies, but clinical relevance lies with identification of the extremes (soft vs firm) or those that probably do not require surgical adjuncts versus those that are extremely difficult to resect. An ROC curve was completed for these consistency extremes to determine a single number that could be used to quickly identify the consistency of the tumor. The optimal cutoff value was determined to be a TCTI ratio of 1.41, with soft tumors ≥ 1.41 and firm tumors < 1.41. This TCTI ratio cutoff is 81.9% sensitive and 84.8% specific. Figure 3 shows CUSA settings versus TCTI ratios.
Discussion
As surgery is the mainstay of treatment for meningiomas, tumor consistency is an important characteristic, as are tumor location and size. The difficulty of surgery and resectability is generally dependent on tumor consistency. 4, 6, 13 For instance, when tumors originate from the skull base or encase neurovascular structures, a firm consistency makes the surgery rather painstaking and higher risk. The outcome is directly dependent on these characteristics. Furthermore, a firm consistency also contributes to increased operative time and may help to predict a surgeon's case scheduling.
No single objective and reproducible method of predicting tumor consistency currently exists. A variety of imaging sequences and modalities are discussed in the literature with no clear consensus and, at times, conflicting results ( that T2 hyperintensity relative to cortex probably indicated soft consistency and syncytial or angioblastic subtypes; however, in this study intensity was relative and not a numerical value. 9 The majority of studies report no correlation between meningioma consistency and T1 intensity or gadolinium enhancement. 13 Fractional anisotropy showed a statistically significant correlation but requires a highercomplexity imaging technique and is less generalizable. Additionally, MR elastography has begun to show promise in predicting tumor consistency but also requires special techniques.
5,10
However, this correlation with imaging intensity has not been consistently demonstrated. Kasoff et al., Kashimura et al., and Carpeggiani et al. did not find any statistically significant correlation between meningioma consistency and T2 intensity. 1, 6, 7 Proton density studies have shown conflicting results, with some showing a statistically significant correlation, while others lacked significant results. 1, 16, 19 As no standard prediction method exists, we experimented with multiple MRI sequences to find one that correlated with objective consistency grades and required no special equipment or interpretation. The T2-weighted MRI sequence showed the highest degree of correlation in many studies discussed above and in our own analysis. 3, 4, 9, 13, 16, 19, 20 In another study T2 FLAIR imaging showed a potential correlation, 13 but in the present study it failed to show a correlation with our ratio method. Given the nonuniformity in MR scanners, it is possible that discrepancies in previous T2-weighted series are a result of various scanners and protocols. Thus we used the intensity ratio to standardize the intensity values with an internal reference.
Our secondary goal was to create an objective scale for rating clinical tumor consistency intraoperatively. Many current methods rely on subjective surgeon ranking or the use of various instruments. However, these systems are subjective and somewhat categorical, not allowing for consistency grading along the true continuum of meningiomas. Using a scale that incorporates the minimum CUSA amplitude places clinical tumor consistency on a numeric continuum. This objectivity allows generalization of the TCTI ratios to other surgeons and is one way in which our technique is unique and complements previous attempts to quantify consistency. The main limitation of this rating method is the availability of CUSA equipment.
In our study 100 consecutive patients were analyzed for imaging characteristics and intraoperative tumor consistency. We used TCTI ratios to improve the objectivity and generalizability of this numerical ranking. In addition, by providing an internal reference (cerebellar peduncle), we reduced scanner variability.
Tumor consistency correlated with T2-weighted imaging characteristics (TCTI ratios). Softer tumors correlated with ratios > 1.63 (greater intensity of tumor) and were removed with suction alone or a CUSA amplitude < 40. Firm tumors were correlated with ratios < 1.27 and necessitated a CUSA amplitude > 70 or surgical adjuncts. In comparing consistency extremes, a TCTI of 1.41 was 81.9% sensitive and 84.8% specific for soft (≥ 1.41) versus firm (< 1.41) tumors. Preoperative prediction of meningioma consistency adds value for surgical planning and preparation.
conclusions
The consistency of meningiomas is an important aspect of surgical planning and technique. As tumor consistency follows a histological continuum, predicting extremes such as soft (easily resectable) or firm (hard to resect) is perhaps the most clinically relevant option at a cutoff TCTI ratio of 1.41. This intensity ratio showed good prediction sensitivity and specificity, with a positive predictive value of 84.9% and positive likelihood ratio of 5.39. Overall, meningioma consistency compared with tumor MRI intensity, internally referenced to the MRI intensity of the cerebellar peduncle (TCTI ratio), showed good correlation and, we hope, will improve preoperative planning for meningioma surgery.
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